Effect of transverse electric field on helical edge states in a quantum spin-Hall system Appl. Phys. Lett. 99, 222111 (2011) Surface-plasmon-assisted modal gain enhancement in Au-hybrid CdSe/ZnS nanocrystal quantum dots Appl. Phys. Lett. 99, 213112 (2011) Two-dimensional electron gas related emissions in ZnMgO/ZnO heterostructures Appl. Phys. Lett. 99, 211906 (2011) Surface piezoelectricity: Size effects in nanostructures and the emergence of piezoelectricity in non-piezoelectric materials J. Appl. Phys. 110, 104305 (2011) Exciton confinement in homo-and heteroepitaxial ZnO/Zn1xMgxO quantum wells with x<0.1 J. Appl. Phys. 110, 093513 (2011) Additional information on J. Appl. Phys. This paper reports the temperature-dependent tailoring of acceptor defects in oxygen rich ZnO thin films, for enhanced p-type conductivity. The oxygen rich p-type ZnO thin films were successfully grown by pulsed laser deposition on silicon substrate at different postdeposition annealing temperatures (500-800 C). The oxygen rich ZnO powder was synthesized by wet chemical method using zinc acetate dihydrate [Zn(CH 3 COO) 2 Á2H 2 O] and potassium hydroxide (KOH) as precursors. The powder was then compressed and sintered to make pellets for pulsed laser deposition system. The x-ray diffraction analysis exhibits an improved crystallinity in thin films annealed at elevated temperatures with a temperature-dependent variation in lattice constants. An analysis of Auger Zn L 3 M 4,5 M 4,5 peak reveals a consistent decrease in interstitial zinc (Zn i ) exhibiting its temperaturedependent reversion to zinc lattice sites. Room temperature photoluminescence of the p-type ZnO shows a dominant deep level emission peak at $3.12 eV related to oxygen interstitials (acceptors). The relative concentration of oxygen interstitials (O i ) increases with increase in annealing temperature, resulting in enhanced hole carrier concentration. The maximum hole carrier concentration of 6.8 Â 10 14 cm À3 (indicating p-type conductivity) was estimated using Hall probe measurements for the thin film sample annealed at 700
I. INTRODUCTION
ZnO is a promising material for various technological applications by virtue of its unique combination of piezoelectric, electrical, and optical properties. It has attracted a lot of research interest due to its exciton binding energy (60 meV) that is 2.4 times the binding energy of GaN (25 meV) and also because of its wide bandgap of 3.37 eV which make it useful for applications in various fields such as transparent conductive films, solar cells, photoconductors, and luminescence devices.
1 However, one of the main obstacles in creating high quality ZnO-based optoelectronic devices is the unavailability of highly p-type ZnO thin films with significant hole carrier concentration. The main reason behind the difficulty in achieving p-type conductivity is the presence of native defects such as oxygen vacancies and zinc interstitials which are unintentionally introduced during growth making undoped ZnO inherently an n-type material. A number of groups [2] [3] [4] [5] [6] have tried to address this issue by using various thin film growth methods and by using various Group V elements (N, P, As, and Li) as dopants. However, the stability and reproducibility of p-type ZnO thin films are still a matter of great concern. 7 Deep acceptor levels, low dopant solubility and high self-compensation in ZnO thin films are thought to be a bottleneck for their p-type conductivity. 8 There are also a few reports [9] [10] [11] on the growth of undoped p-type ZnO thin films in oxygen rich environment. In these reports, the thin film growth took place in optimized partial pressure of oxygen to ensure p-type conductivity of acceptor defects in order to overcome oxygen vacancy defects in deep level emission (DLE) spectrum, since oxygen vacancy is wellknown intrinsic donor defect of ZnO. Therefore, it is worthwhile to synthesize and investigate oxygen rich ZnO to improve the intrinsic p-type behavior of ZnO thin films without adopting any doping method or oxygen partial pressure.
In this paper, we report the synthesis and investigation of oxygen rich ZnO thin films using wet chemical method (favorable to form undoped p-type ZnO) without using any oxygen rich environment or acceptor dopant during ZnO thin film growth. Temperature-dependent tailoring of acceptor defects has also been carried out to investigate their contribution toward p-type conductivity. It is well known that the properties of ZnO layers are strongly affected not only by growth conditions but also by postdeposition annealing temperatures. Annealing has a large effect on crystallinity of layers in terms of grain size, residual strain, and defect density. 12 So, it is valuable to investigate the intrinsic p-type behavior of pulsed laser deposition (PLD) grown ZnO thin films by tuning the acceptor defects with postdeposition annealing. O] and 280 mMol potassium hydroxide (KOH) in an environment of 800 ml of methanol. The solution was continuously stirred magnetically (1100 rev=min) and heated at 52 C for 3 h. The solution was allowed to cool and aged at room temperature for 24 h. Precipitates formed after aging were removed from the solution by filtration. The precipitates washed several times with distilled water were centrifuged (2000 rev=min) to get rid of potassium completely from the solution. The precipitates were dried at 52 C in air to get solid powder. The powder obtained was pelletized under a pressure of 10.5 metric tons and sintered at $1000 C for 12 h in air. It is important to point out that the x-ray photoelectron spectroscopy (XPS) analysis of the ZnO powder prepared by wet chemical method was oxygen rich with Zn=O ratio of 0.71.
B. ZnO thin film deposition using PLD
The sintered pellet of ZnO (circular disk of 20 mm diameter and 2 mm thickness) was fixed on the target holder of the PLD system and rotated at 33 rev=min for uniform ablation. The rotating target was then ablated by second harmonic Nd:YAG laser (532 nm, 26 mJ) at pulse repetition rate of 10 Hz. The substrate holder was rotated at 33 rev=min to ensure uniform deposition of thin films. The thin films were deposited on Si (100) substrate for constant ablation duration of 90 min in ultra high vacuum of 10 À6 Torr. The Si (100) substrates were sequentially cleaned in ultrasonic bath with ethanol, acetone, and deionized water separately at 45 C for 15 min each, before being mounted to the substrate holder in the PLD chamber. Postdeposition annealing was carried out at different temperatures ranging from 500 to 800 C for 4 h in air. The crystalline phase of thin films was analyzed using SIEMENS D5005 Cu Ka (1.504 Å ) x-ray Diffractometer (XRD). The surface stoichiometry and elemental oxidation states of the thin films were identified by x-ray photoelectron spectroscopy (XPS) with Kratos axis-ultra spectrometer equipped with a focused monochromatic Al-Ka x-ray beam at room temperature. Furthermore, near band edge (NBE) and deep level emission (DLE) energy transitions from photoluminescence (PL) spectra, measured using Hd-Cd (325 nm, 10 mW), were used to study temperature-dependent activation of structural defects in ZnO thin films. The electrical properties of the thin films were investigated by Van der Pauw method using Ecopia HMS-3000 Hall effect measurement system. The surface morphologies of the thin films were investigated using Jeol JSM 6700 field emission scanning electron microscope (FESEM).
III. RESULTS AND DISCUSSION
XRD spectra of postannealed ZnO thin films grown by PLD are shown in Fig. 1 . The diffraction peaks of ZnO observed in the 2h range from 20 to 80 exhibited polycrystalline wurtzite structure for all annealed thin films. The XRD spectra obtained are matched well with the space group of P 6 3mc (186) and diffraction peaks corresponding to any impurity phase were not detected. The diffraction peak intensities, revealing the crystallinity of ZnO thin films, were continuously improved with increasing postdeposition annealing temperature without any degradation in crystalline quality, in the used temperature range, in accordance with reported literature. 13, 14 Highly textured peak centered at $36.29
(characterizing the hexagonal wurtzite structure) shifted toward larger angles with the increase in annealing temperature from 500 to 800 C, as shown in Fig. 2 . This peak shift toward larger angles is attributed to the activation of certain point defects and rearrangement of crystal grains. 15 The crystallite size estimated from the full width at half maximum (FWHM) of (101) diffraction peak, using the Scherer equation and shown in Fig. 2 , increased from 18.2 to 26.6 nm with the increase in annealing temperature from 500 to 800 C, illustrating improved crystalline quality. 16 The defect formation has been verified by change in lattice parameters as a function of annealing temperature. The lattice parameters a and c, calculated by using diffraction data of (101) and (002) Figure 3 shows the temperature-dependent variation in lattice constants. This might be attributed to the variation in tensile=compressive stresses of ZnO coated silicon wafer due to the activation of certain point defects at different annealing temperatures. The detailed analysis of temperature-dependent behavior of lattice parameters in terms of point defects such as zinc and oxygen interstitials will be discussed later using XPS and PL results.
The FESEM images, depicting the surface morphologies, of the thin film samples annealed at different temperatures are shown in Fig. 4 . All the thin films exhibit welldefined grains with similar surface features. At first glance, it seems that the change in the annealing temperature does not affect the surface features. However, a careful processing of the FESEM images (using ImageJV R software) reveals that for the sample annealed at 500 C the average grain size distribution is bi-modal in nature with the average grain size of smaller grains as 52 6 2.8 nm and that of bigger grains as 192 6 5.1 nm. The increase in annealing temperature to 600 C leads to greater uniformity in grain size distribution due to the significant reduction in the number of smaller sized grains as they start to coalesce together to form bigger grains. A further increase in annealing temperature (to 700 and 800 C) made the grains to be more uniform in size with slight increase in grain size.
The typical XPS survey scan of as-deposited thin films, shown in Fig. 5 , exhibits the presence of zinc and oxygen as the main elements with their binding energies being calibrated by adventitious C 1s peak centered at 284.6 eV. The stoichiometery of as-deposited thin films (without annealing) is found to be oxygen rich with Zn=O ¼ 0.49, that is different from the literature in which the stoichiometery is reported to be zinc rich. 18, 19 The direct synthesis of oxygen rich ZnO thin film (as-deposited) can be attributed to the fact that the PLD pellet of ZnO, prepared using the wet chemical method, itself was oxygen rich. So even without any partial oxygen pressure being used in PLD chamber, the oxygen rich ZnO thin films were grown. Similar XPS spectra were obtained for the annealed thin film samples and the relative concentration of Zn and O was estimated. Figure 6 shows the plot of Zn and O concentrations along with their difference in concentration as a function of thin film annealing temperature. It 2011) indicates that the oxygen concentration is much higher than the zinc concentration pointing out that the stoichiometery of ZnO remains oxygen rich even in the annealed samples. Moreover, the zinc concentration decreases with annealing temperature up to 700 C and increases again at 800 C. The minimum concentration of Zn at 700 C will also result in the contraction of lattice ultimately leading to the minimum lattice parameters of ZnO thin films that is consistent with our XRD results.
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Since Zn 2p3=2 peak shape does not always give an asymmetric feature, so the Zn LMM Auger peak analysis is often used to identify the chemical states of the zinc species. Auger peaks usually show larger shape changes than XPS peaks with varying chemical states because a single Auger transition involves three electrons and many body effects. C. This spectrum is Gaussian fitted with two Auger peaks centered at $493.8 and 497.5 eV which are attributed to the interstitial zinc (Zn i ) and Zn-O bonds, respectively. 7 The concentration of the Zn i and Zn-O bonds are estimated using the relative area under the corresponding deconvoluted Auger peaks. The variations in relative concentrations of Zn i and Zn-O bonds, at annealing temperatures of 500, 600, 700, and 800 C are shown in Fig. 8 . The Zn i atoms in as-deposited ZnO thin films, usually located between O 2À and Zn 2þ layers, are responsible for increase in lattice constants. During annealing, zinc interstitials are reported to obtain enough energy to revert back to crystal lattice sites after recombination with zinc vacancies resulting in strong Zn-O bonding 21 as is evident from Fig. 8 . The concentration of Zn i first decreases with increasing annealing temperature, having minimum value at 700 C, and then increases when annealed at 800 C. The increased concentration of Zn i at 800 C can be attributed to the large number of zinc vacancies which are reported to be formed at elevated temperatures. 22 This variation in Zn i is responsible for the contraction=expansion of crystal lattice at different annealing temperatures. The minimum value of Zn i at 700 C is responsible for the contraction of lattice at this temperature resulting in reduced lattice parameters as is evident from Fig. 3 . Since the Zn i is donor impurity, so the reduced concentration of Zn i at 700 C is ) in thin film annealed at 700 C. The p-type conductivity in the annealed samples can be attributed to oxygen rich (Zn=O < 1) stoichiometery, for all the thin film samples. The increase in hole carrier concentration with the increase in temperature is due to increasing difference between the oxygen and zinc concentration (refer Fig. 6 ). The maximum difference between the oxygen and the zinc concentration for the thin film annealed at 700 C explains the maximum ptype conductivity for this sample. Hence, it is found that the p-type conductivity in undoped ZnO thin films can be obtained using oxygen rich powder synthesized by wet chemical method and can also be further enhanced by tailoring the postdeposition annealing temperature. This is different from previously reported methodologies [9] [10] [11] in which the p-type ZnO was realized using oxygen rich environment in growth chambers or by selective doping.
The asymmetric O 1s XPS peak was deconvoluted with peaks centered at 530.3 and 531.7 eV for all the annealed thin film samples. The typical deconvoluted O 1s peak for the sample annealed at 500 C is shown in Fig. 9 . The results are almost similar to Chen et al. 23 and Wang et al. 24 who attributed 530 eV peak to Zn-O bonds. The higher binding energy (531.7 eV) peak is usually attributed to chemisorbed or dissociated oxygen or hydroxyl (OH) species on the surface of the ZnO thin film. 25 The component of binding energy centered at 531.0 eV in thin films annealed at higher temperature (700 and 800 C) is associated with the O 2À ions which are in oxygen deficient regions within the ZnO matrix. As a result, changes in the intensity of this component are related to the variation in the concentration of the oxygen vacancies (V o ) 26 at elevated temperatures. Figure 10 shows the room temperature PL spectrum of ZnO thin films annealed at 700 C exhibiting UV and defect (green) emission. UV band emission centered at $383 nm, is originated from the exciton recombination corresponding to the near band edge (NBE) exciton emission of the wide bandgap ZnO. These recombinations take place through exciton-exciton collision processes at room temperature. 27 The deep level emissions (DLE) in green and yellow emission spectra are related to the variation in intrinsic defects of ZnO thin films, such as zinc vacancy (V Zn ), oxygen vacancy (V o ), interstitial zinc (Zn i ), and interstitial oxygen (O i ). Various intrinsic defects in ZnO thin films exhibit different energies in DLE. 28 The DLE spectrum, as seen in Fig. 10 , can be deconvoluted with four peaks centered at $384.02 nm (3.23 eV), 490.67 nm (2.53 eV), 538.54 nm (2.31 eV), and 582.09 nm (2.13 eV). The peak related to 2.13 eV exhibits the signatures of yellow emission attributed to the O i in ZnO thin films. 29 The evaluated energy of singly ionized Zn i is 2.53 eV that is attributed to the transition from energy level of singly ionized Zn i to Zn vacancy (V Zn ) while 2.31 eV is related to oxygen vacancies (V o ) from the bottom of conduction band to local defect energy level. The Zn i is donor impurity while O i and V Zn add acceptor levels to ZnO thin films. Most of the calculations agree that V o and V Zn are the lowest energy defects, while the zinc and oxygen interstitials to be high in energy. The defects which are favored under Zn-rich conditions (V o , Zn i ) act as donors, while those favored under O-rich conditions (V Zn , O i ) act as acceptors. 30 Table II shows the variation in relative concentrations of zinc (donor) and oxygen (acceptor) interstitials as estimated from deconvoluted PL The temperature-dependent analysis of UV peak in PL emission has also been carried out to study the effect of temperature on UV peak shift. The relative contribution of UV deconvoluted peak was increased from 1.4 to 2.7% with increase in temperature resulting in reduced DLE (defects) contribution. Therefore, it is emphasized here that dominant concentration of oxygen in all the thin films did not increase the DLE in visible range with the increase in annealing temperature that is different from the results reported in literature. 28 The UV energy shifts toward the longer wavelength (redshift) from 3.24 to 3.0 eV with the increase in temperature from 500 to 800 C that is in agreement to the Wang et al.
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who suggested an increase in wavelength (redshift) with the increase in annealing temperature. The reported typical UV peak position is at 3.26 eV. 13 This redshift can be partially explained by shrinkage of the energy bandgap with an increase in particle size as suggested by Van Dijke. 32 According to quantum confinement theory, the energy bandgap of a semiconductor depends on the particle=crystallite size; its value will decrease with a increase in particle=crystallite size. Hence in our case the decrease in energy bandgap can be attributed to the increase in average grain=crystallite size with increasing annealing temperature as inferred through XRD results.
IV. CONCLUSION
The oxygen rich nanocrystalline ZnO powder was prepared using zinc acetate dihydrate and potassium hydroxide as precursors by simple wet chemical method instead of using commercially available zinc rich powder. The thin films of ZnO, grown by PLD and annealed at different temperatures exhibited consistent increase in average crystallite size, improved crystalline quality, and reduced optical bandgap with increase in postdeposition annealing temperature. The FESEM results indicate that surface morphologies are similar for all annealed thin film samples and the grains become more uniform with slight increase in average grain size with increasing annealing temperature. Temperaturedependent lattice parameters were calculated to be minimum at annealing temperature of 700 C exhibiting maximum reversion of Zn i to the zinc lattice sites suggesting abundant Zn-O bonding. The detailed XPS analysis of Auger Zn L 3 M 4,5 M 4,5 peaks reveals a decrease in interstitial zinc (recombination with zinc vacancy) with increase in annealing temperature reaching to their minimum concentration at 700 C resulting in enhanced p-type conductivity at this temperature. Increased concentration of oxygen interstitials in DLE spectra validated the XPS results in which all the thin films were oxygen rich. While 700 C was observed to be optimum annealing temperature at which the relative concentration of Zn i (donor defects) was calculated to be minimum with maximum contribution of O i (acceptor defects) obliging enhanced p-type conductivity. To conclude, the ptype conductivity in PLD grown undoped ZnO thin films is obtained using a different method that employs PLD pellets of oxygen rich powder synthesized by wet chemical method; the conductivity is further enhanced by tailoring the postdeposition annealing temperature. 
